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T his is sTcosanlete trans lati on ,, of r ;thg_^g iml-a^iolg.#. 


1, The formula of Chilton and Colburn gives too low values for the dependence 
of the hydraulic resistance upon the average grain sis® and the linear rate 

of flow of the gas , and gives incorrect values for the dependence of the 
hydraulic resistance upon the diameter of the column; tills formula is unsuit- 
able for calculation of the hydraulic resistance of a column picked with a 
granulated catalyst. 

2. The formula of Zhavoronkov, based on an analysis of extensive experimental 
Material is suitable for calculations, but does not directly indicate the 
effect upon the hydraulic resistance of the grain aim of the catalyst and 
the diameter of the column. 

3« Aa equation is suggested which is based on the fomula of Zhavoronkov and 
la suitable for th© calculation of the parforoance of a catalytic column; it 
characterises th© hydraulic resistance of the column with respect to three 
elements, i.e., gas flow (linear velocity, density, kinematic viscosity of 
the gas) j granulated catalyst (average grain diameter); dimensions of the 
column (altitude, diameter). 


In many branches of the chemical industry, especially those in which heter- 
ogeneous catalytic and adsorption phenomena are made use of, as well as in 
the fuel and petroleum technology, the value of the hydraulic resistance 
exerted by a layer or contact column packed with granulated material is 
important , It is possible to estimate and to compare the hydraulic resist- 
ance exerted by the walls of a catalytic to war, the surface of the grasiu3.es 
of the packing and the entire column, as well as to determine the extent of 
the effect upon the hydraulic resistance of the average diameter of the 
grains of the catalyst, the diameter of the column and the linear velocity 
of the gas. 
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Hydraulic Resistance of Empty Towers 

The hydraulic resistance of catalytic columns without the packing can be 
calculated by the formula of d’Arcy 


A l/' w 2 G 

Ap =- 5 ^- . nt 

where Ap is the loss, of pressure in kg, /sq.m., p is the density of the 
gas in kg, sec. Ad, w is the average linear velocity of the gas in 
m./sec, A1 is the length and d the diameter of the column in meters, 

G the coefficient of resistance, depending upon the Reynolds number 
R© d — wd/'v , in which v is the coefficient of tho kinematic viscosity 
in sq, a./sec. 


For a streamline flow (R© d less than 2,320) 


G = /la/ 

Re d 

while for a turbulent flow (Re^ more than 2,320) the coefficient of resist- 
ance can be expressed, depending upon the Reynolds number, as follows: 

At R© d from 3,000 to 100,000, according to the law of Blasius 


At Re d from X0-* to 3 x 10*% 
use or: 


0.3164 

Re d ° tf 25 


/ 2 / 


the formula given by Nikuradze con be made 


G 


— 0.0032 4~ 


0.221 

Re d 0.237 


ft/ 


To determine the order of magnitude of the hydraulic resistance of a con- 
tact column without a catalyst, comparative calculations were carried out 
by the authors. Air served as the viscous medium and Its temperature was 
15 and 500°. The column consisted of a single tut® or identical tubes 
(for instance, 180 tubes par column). In one case the altitude of the column 
was In,, diameter 0.1 ra„ In the second case the altitude was 2.544 m., the 
diameter 0.2 m. The rate of flow of air by weight is connected with the 
linear velocity by the relationship 'P — 3600 v 0 s°m Y , where Cp is the rate 
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of flow la kg./hr., v 0 linear velocity In a./sec,, s° cross sectional 
area of the tube in aq* a** a number of tubes in the column p and ~r 
specific gravity of the air for the given temperature* The rate of flow 
ao determined changed within 2.28 and 18.304 kg./hr* The physical para- 
meters for air given by Kirpichev et ol (1) were used. The results of the 
calculations for an empty column are shown in Table 1 for given conditions 
of performance of this column* This table shows that the resistance of 
the column walls to the gas flow is quite small aa compared to that exerted 
by the surface of the catalyst grains. 


Hydra ulic 

**M%BM*f amm+rtwromn MMam 


On the basis of analysis of experimental data, Chilton and Colburn suggested 
(2) a formula for the calculation of the hydraulic resistance of columns 
packed with granulated material. Perry gives (3) this formula in the 
metric system as follows: 


202f°cv o 2 L 



/V 


In this formula Zip is the pressure drop In kg./sq, m. due to the 
hydraulic resistance, v 0 the linear velocity in m./sec., through 
the tube, L the thickness of the layer of packing in meters, D„ average 
diameter of a grain of the packing in am., f° the resistance coefficient 
depending upon the modified Reynolds number Re 5 = D«v 0 y / a , in which v 
is the specific gravity of the gas in kg./cu. m„, ana s is the coefficient 
of viscosity In centipoisess a — jj. g , Here M is the coefficient of 

viscosity in kg* sse./sq. m., g acceleration due to gravity In m./sec. 2 , 
c a factor which is a function of the ratio D j Dp is the 

average diameter of the particle in meters, defined as a mean arithmetical 
value of three siaes, while D^, ub0 is the diameter of the tube In meters. 

A calculation of c and f° is quite difficult and inexact if attempted 
graphically, For this reason mathematical expressions were derived by the 
authors for the dependencies f° = f (Re* ) and c — <./ p p \ , based 

on the graphs given by Perry* ' 

Fig. 1 shows two curves characterizing the first of these dependencies. 

Curve 1 refers to streamline conditions, while curve 2 refers to turbulent 
conditions* The critical value of the Re* number is 44.1 The points on 
the curves give values found from this graph, and the curves correspond to 
the obtained equations. For the streamline flow (Re* less than 44.1) 

*rtr = 2H { M 

Re® 
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for turbulent flow (Re* more than 44.1) 



N 


Fig. 2 shows two curves for the dependence c==f ( °p /^ ube ) * 
on the curve also indicate values graphically found and the curves 

correspond to equations obtained. The curves for both conditions consist 
of two parts described by different equations. The critical value, again 
/^tube p 0,037. For streamline flow (curve 1) the following are 


valid: 


' fot v-v* 


less than 0.037 


0.838 



M 


and when this ratio is nor© than 0.037 


0.604 


J str 


/ 8 / 


D ' 
< P \ 

°tube ) 


0.1327 


For the turbulent flow (curve 2) the case of D p / D tube less than 0,037 is 
represented by equation 


0.732 


C A = 


/9/ 


D. 


P\ 


0.0578 


°tubo ‘ 


while, when the value of D p / i3 mor ® than °® 0 ^ 7 


0.424 



/ 10 / 
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In 1944 Zhavoronkov published (4) a study of the hydraulic resistance of scrubbers 
packed with solid granulated material, which constitutes a part of his doctoral 
dissertation (5). The experimental data are generalized as follows: 


^e^fres /ll/ 

where is the hydraulic resistance in kg./sq. m*§ v Q ia linear velocity 
in nio/sec., calculated for the complete cross section of the empty tube? 

H, altitude of the packed tuba in meters | f' density of the air in leg* sec^/m.^; 
f * , coefficient of resistance which depends upon the Reynolds number 

116=. 

V V fP66 

y being the coefficient of kinematic viscosity in sq, m./seCo, d w the equi- 
valent diameter of the tube in meters, V£.__ Q tho free volume of the packings 
For streamline flow at values of the Reynolds number less than 40 to 50, 
f* — 100/Re , For an unstable turbulent flow within the Reynolds numbers 
from 50 - 5,000, f * — 3.8 Re** (j * 2 and, finally, for a stable turbulent flow 
at Reynolds numbers above 5,000, f * will be independent of Re and amount 
to 0 a 7 

d Q =st ^tube v fyee 
0 tub© 

where ^tube l 0 volume of the packed tube in cubic meters, s-^ube 
total surface which exsx-ta the hydraulic resistance, square meters, i*©«, 
s‘ + s M „ Here s‘ is the surface of the granules of the packing and 
s H the surface of the wall of the tube. 

For a cylindrical tube 






s» = s 3 n n — ( 1 " VfTOe) 

v 3 


where n is the number of particles in the packing. So and Vo are the 
average surface and the average volume of a granule of the packing, respec- 
tively,, For calculation of the hydraulic resistance of the packed contact 
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column fcy the Zhavoronkov formula, it is necessary to determine exps rinentally 
the values of n, Sq, in addition to knowing the values of the 

basic parameters of the eolujan end of the gas stream. 

By correlation of the values of the free volume, experimentally determined by 
Zhavoronkov and by the present author's for different granulated packings 
(Table 2 with the value of the average grain size, tbs dependence shown in 
Pig. 3 was established. 

In Fig, 3 points on the curve correspond to experimentally determined values 
of the fro® space of tho catalyst bed and the average particle diameter, and 
the curve is represented by 


v fMO = 0.222D g 0>252 /12/ 

Dependence of the Hydraulic Resistance 
of a Column Upon the Average Diameter 
of the Catalyst Gra in 

It is quite important to find whether there ia any interdependence between 
the hydraulic resistance of the contact column and the average diameter of 
the grain size. For this purpose calculations were carried out by the 
authors, using the formulas of Chilton and Colburn and of Zhavoronkov, 
respectively. A particular case was considered under the following con- 
ditions: Diameter of the column, 0.2 mj altitude, 2,544 m. j air tempera- 
ture, 500° i linear velocity of the air in the streamline flow region, 

0.063} that undec turbulent conditions, 1 m./see.; p ^ 0,0459 kg. sec, "/in. 

)/ 3, 04.10" ^ sq. a./sec.j V — 0.45 kg./cu. m.| z — 0,03617 centi- 

poisesj average gj-ain diameter within 0.004 and 0,0127m, ^he catalyst was 
Shaped into cylinders. 

The results are shown in Fig. 4, where tho dots represent calculated values 
and the curves mathematical expressions derived. Figs. 4 and 3 characterise 
streamline fXow corresponding to the formulas of Chilton and Colburn and of 
Zhavoronkov. Curves 1 and 2 refer to turbulent flow and the first of these 
is based on the Chilton and Colburn formula, the second on the Zhavoronkov 
formula. For streamline flow the following expression corresponds to the 
Chilton and Colburn formula: 


^ Pe.c. 


0,001 667 
n 2.07T 


/ 13 / 
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Dimensions 
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m 
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<D 
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a) 
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1 
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■ r 

6,1 

1 

2,28 
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1 

streamline 

4,03- 10“« 

0,054 

53,2 

2 

15 

0.1 

1 

33,5 

1 

1 

turbulent 

0,019 

35,2 

219,2 

3 

500 

0,2 

2,544 

3,46 

0,068 

1 

streamline 

1,09- 10~ 6 

0,07 

67,6 

4 

500 

0,2 

2,544 

3,46 

0,0004 


» 

6,07 * 10 B J 

0,07 

67,6 






(0,000378) 
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0,2 

2,544 

to, 9 

1 

1 

turbulent 

0,013 
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6 
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to 

c* 

o*. 

50,9 

0,0055 


streamline 

0,004 

0,01 
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7 
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2,544 

18304 
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1 

turbulent i 

446,4 
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FIG. 1. DEPENDENCE OF THE MODIFIED FRICTION 
FACTOR f° UPON THE MODIFIED REYNOLDS NUMBER 
Re* BY THE FORMULA OF CHILTON AND COIBURN. 

1 - streamline flow; 2 - turbulent flow 


D A« 


in m. 


tube 

FIG. 2. DEPENDENCE OF THE COEFFICIENT OF THE EFFECT 
OF THE WALLS c UPON THE RATIO OF THE AVERAGE DI- 
AMETER OF THE PARTICLES TO THE DIAMETER OF THE TUBE 
D l/ D tube BY ™ E F0RMULA 0F CHILTON AND COLBURN. 

1 - for streamline flow; 2 - for turbulent flow 
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■ av. diameter of the particle 

FIG. 3* DEPENDENCE OF THE FREE VOLUME OF THE 
CATALYST BED UPON THE AVERAGE DIAMETER OF 
THE PARTICLES. 

TABLE 2. INTERDF PENDENCE BETWEEN THE FREE SPACE OF THE PACKING AND THE AVERAGE 


av, diameter of the particles, m. 

FIG. 4. DEPENDENCE OF THE HYDRAULIC RESISTANCE IN THE 
CATALYST BED A p UPON THE AVERAGE DIAMETER OF THE 
CATALYST GRAINS. For turbulent flow: 1 - according to 
Chilton and Colburn; 2 - according to Zhavoronkov, 

For streamline flow; 3 - according to Zhavoronkov; 4 - 
according to Chilton and Colburn. 


Izv. (tekh.) 
1946 . .421 ff . 


No. 

Type of packing 

— — — MM _^± — .M ™ 1 

Shape 

Dimensions of the 
grains, mm. 

Av, diam- 
eter of 
the grain, 
mm. 

Free 

space 

1* 

2* 

Glass rods 

■Aluminosilicate 

Cylinders 

Cylindrical 

5X5X8 

6,0 

0,35 

3 

catalyst 

tablets 

9X9X4 

7,3 

0,35 

Catalyst for con- 
version of CO 

Tablets 

11X11X6 

9,3 

0,38 

4 

Vanadium catalyst 

h 

llXH X 6,5 

9,5 

0,43 

5 

Coke 

Irregular 

29,6 X 25,8X18 

24,5 

0,532 

6* 

Glass granules 

Peai^- shaped 

20 X 20 X 37,5 

25,8 

0,500 

7 

Coke 

Irregular 

35,6X28,8X 18 

27,5 

0,535 

8 

tf 

Spherical 

47,6 X 41,5 X 33,4 

40,8 

0,545 

9 

Gravel 

56,8X40,8X29 

42,2 

0,570 

10 

Coke 

Irregular 

52 X 40,3 X 35,5 
56X43,7X32,6 

42,6 

0,560 

11 

Andesite 

n 

44,1 

0,565 
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The expression corresponding to the Zhavoronkov formula /ll/ is given by: 


Ap ah 

1.866 x 10~ 5 

n 3,044 

D P 

/u/ 

The interrelationship of these expressions for small values 
particle diameter, below 0,0065, is 

of the average 


=• 3 /\P C c - 100 

A5/ 

while for values above 0,0065 it 

is: 


-^Pah 

= 1,49Ap c#c# - 9 

/16/ 

For turbulent flow the following 

obtain: 


Ap C iC . 

_ 2 t 6 
~ n l,241 

717/ 

/S Pgjj 

— 0 t 0l6 

D 2.1lg 

/187 


The equations 17 and 18 can be combined as follows: 

A.P ah = 0,0038 /19/ 


Dependence of the Hydraulic Resistance 
of a Column Packed with Granulated 
Catalysts tfeon its Diameter 

i *_i*ra* j© rtnw vtiii s vd ‘Trnir"r yw i r i i r a T Tinn- HTin-rdTi w n ax 

Inasmuch as the basic aquations under discussion show no clear connection 
between the hydraulic resistance of the contact column and its diameter, 
this problem was also considered in the study under report. The conditions 
end parameters of the principal hydrodynamic values wore In the main the 
same aa for the expression Ap~- f(D ) discussed before. The difference 
consists in the values of Bo and D. , The average grain diameter was 
constant, 0,0073 meters, v fr0Q was 0,359. Silica-altsmim catalyst was 
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used, shaped as cylindrical tablets , 9x9x4 mm a The diameter* of the 
catalyst column, consisting of a single tube, varied from 0*04 to 0*7 
asters,. 

Fig* 5 shows the results of the calculation for particular cases, based on 
th© formulas of Chilton and Colburn /4/ and of Zhavoronkov /ll/. The four 
curves shown each consist of two branches corresponding to the mathematical 
expres sions for the dependency /\ p ~ £(D tuba ) for tubes with small or 
large diameters* The points represent values calculated by the formulas 
/4/ and /ll/. 

The formula of Chilton and Colburn for streamline conditions is represented 
by the curve 4. The critical value of tho tube diameter is 0.162. At smaller 
values 



o o fanO a 1343 

2.36JD tub0 


/ 20 / 


For cases where the diameter exceeds 0.162 

Z^c.e. - 1.992Dj'g5 /2l/ 


The curve 2 is valid for th© regions of turbulent flow. At values of the 
tut® diameter below 0.2042 


^Pc.c. — X663 dJ^~ 1 /22/ 

and for diameters exceeding 0.2042, the relationship 

«£>Pc.o. = M 

Data pertaining to the hydraulic resistance of columns with granulated packing 
as a function of the column diameter obtained with th© aid of the Zhavoronkov 
formula, are represented by th© curves 3 and 1. The first of these refers to 
streamline conditions, the second to turbulent conditions. For tubes with a 
small diameter, i.o., below 0.074 




D 0.3158 

U fcube 


/ 24 / 
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No. 


1 

2 

3 

4 

5 

6 

1 

2 

3 

4 


Flow 


turbulent 


streamline 


Interval of 
values of 

D tube^ D p 


Interval of values of 
D for known D, . . m 

P tube * 


.Interval of values 
fC in M -V D tube foi 
D p = 0.0073 ra. 


tFrom D of the 
entire interval 


equation /46/ 

from D . 

-iaibeL 


> 470 
470-77 
77 — 25 
25—12 
12—2,3 
<2,3 
>100 

< ICO 
8-3 


for D tube =0,7 M 


< 0,0015 
0,0015-0,009 

0,009-0,0028 


fx 0,0028 — 0,0588 


0,0033 -0,017 
>0,017 

forD tube = 0 '°7 « 

< 0,0073 
(0,0005 - 0,0073) 

> 0,0073 
(0.0073 -0,05) 

forD tube =0.0> M 


0,005 -0,015 
0,016-0,034 


The numerical value of 


> 3,43 
3,43—0,562 
0,562-0,182 
0,182-0,087 
' 0,087-0,017 

< 0,017 
> 0,73 

< 0,73 
0,058-0,222 
0;O22— 0,0087 


3 D p 0,085 


2,11 D p o.oa 


1,38 

1.16 


1 


Op 0.08 

1 

O p 0.103 


3,08 O p o.joj 


17,62 O p o,82# 


51,33 O p o n 


17,6 

1 

D 0,068 

p 

85,6 

D 0,873 

P 

600 

D 0,836 

P 


Extreme values D fllV>c „ „ 

given for the Values of K 

interval corresponding to thea 


3 1,2 I M,6 -°- 0J4 I 0^2-0,0087 | 600 O p 0,«# (0>03; 0008) 

e of A^^\J^®deF&rRetea(se%O0a/OJl^1 : CIA-RDP80-00926A06l 400040002-2 


(7; 4 ) 

(3; 0,8) 
(0.5; 0,2) 
(0,15; 0.09) 
(0,07; 0,018) 
(0,017; 0,003) 
(3; 0,8) 

(0.7; 0,06) 
(0,05; 0,02) 
(0.03; 0,008) 


(2,64; 2,97) , 
( 2 , 22 ; 2 , 12 ) 
(1,35; 1,33) 


1 


“tube 


0,04 


D tube°- ,, « 


1 


b ^ 0.04 

(1,05; 1,06) ~ 

D tube 0 ^ 


1 


(3,2; 3,14) - 

^tube 0,21 


(8,5)* 
(51,9; 49) 


.ube 0 ' 28 " 


U, , l 
tube 


(16,6; 17,67), — - 

D tube°' 05B 

1 


tube °> S1J 

1 


(165,2)* 

D tube°’« 
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while those with a larger diameter 


^ ; > sh 


62.7 


D 0,056 

tub© 


/25/ 


In the case of the turbulent flow (curve 1) the critical value of the diameter 
of the column for the conditions and paramo tors discussed is 0,138. For 
smaller diameters of the column the equation 

^ ? ah ~ J0n / 26 / 

tube 


was derived, while for diameters exceeding 0.138, the equation 


pgjj 



/27/ 


is valid. 

The mathematical expressions 20 - 27 for the determination of the effect of 
the diameter of the column on the hydraulic resistance, which were obtained 
by using the formulas of Chilton and Colburn and of Zhavoronkov are mutually 
related as follows (Fig. 5). For streamline flow at diameters of the tube 
smaller than 0.065 

A-P^ = -l!0„7Z^P CiCa + 256.5 /28/ 

and diameters larger than 0.065 

A*h = -32.3 /\?cc. + /29/ 

For turbulent flow at diameters of the tube below 0,117 

ZlPah =. -0.7164 A ^Q'Q' + 1324 /30/ 

and at diameters larger than this value, the relationship 

A '%h — -0.222 4A P C4C< * 317 /31/ 


obtains , 
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Effect of Rate of Gas Flow Upon 
the Hydraulic Resistance of 
Coitions Packed with Granulated 
Catalysts — . — 

y a this work most attention was concentrated on the effect of the rate of 
the "as flow on the hydraulic resistance of contact columns, inasmuch as 
the basic formulas under discussion here contain a value representing the 
rate of flow and taken to th© degree of 1.8 for the region of turbulent 
flow. Tills problem was subjected to additional experimental study. 


The linear velocity of the air varied in these experiment a within 0,064 and 
1 is, /sec. Thus, the regions of streamline and turbulent flows were covered, 
Th© general apnearane© of the experimental unit is shown in Fig, o. The 
metallic catalytic tower of 0.1 m. diameter and 1 m. height had two branches 
and was closed on both sides with lids with welded-on pipes. The catalyst, 
shaped into cylinders 9x9x4®. and Dp — 0,0073 v freo 
0,359, was charged into th© tub© to form a layer 1 su thick* Th® vertical 
layer of the catalyst was supported by a thin wire metallic grating with 
mesh 3x3 mra, Four glass Tf— tub®® served as manometers indicating th© 
pressure at the inlet at 0,25 and 0,5 m. from the inlet and at th© exit. Air 
was charged at 15° with the aid of a powerful blower, and^ in order to create 
a stable flow it was first passed through a large tank, then through a glass 
kerosene flow meter with a sot of diaphragms and into the bottom of the ver- 
tical catalyst tower. All communication lines were no smaller than 20 mm, 
in diameter. The pressure indicated by all the manometers was registered 
after the air flow reached stability at a given velocity. All parts of the 
unit were airtight. 


A set of seven curves is shown in Fig. 7, which describes the experimental 
data pertaining to the dependence of the hydraulic resistance of the catalyst 
layer 1 a. high upon the rate of flow of air and the results of calculations 
with the aid of the formulas /4/ and /ll/ used before, 

As before, the points correspond to determined or calculated values, while 
the curves were drawn in accordance with the mathematical, expressions derived. 
Curve 1 reflects the pressure drop at the inlet to the catalyst colmgi^ 
(pressure drop of the air stream between the Inlet and 0,25 m,/fron the 
inlet). The equation for this case is? 


^ ^inlet 



/32/ 


* ihis~ worfTwas carried out in 1942 in the Laboratory of Motor Fuels of th© 
Institute of Mineral Fuels, Academy of Sciences, UoSR* 


1,185| 8 = 0.018 


y 


P 


»« Air at 15° was considered to have 'Y 
- 1.4a x 10-5 
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For the zrdddl© of the column (at tho height of 0.5 ra.) 

^Ptoiddl© =1012^90! /33/ 

which is to presented by curve 2, The pressure drop at the exit from the 
catalyst column (hydraulic resistance of the layer 1 a. thick) is repre- 
seated by the curve 4 based on the equation 

^*Wit = 935.4v$* 891 /34/ 

Curve 3 gives tho average value of the hydraulic resistance 

: Pave page 984 vq /35/ 

which is an average of the values shewn by the curves 1, 2 and 4. It should 
h© noted that the scattering of tho points observed for high air velocity 
is connected with a certain degree of inexactness in the flow motor scale, 
which Is built on extrapolated values. The curve 5 Joins points calculated 
by the formula /ll/ of Zhavoronkov for the experimental conditions and papa- 
meters used in this study and is described by two equations. The critical 
value of the pat© of flow is 0,1122. For streamline conditions whore v 0 
is loss than 0.1122 

4VP ah ■=** 158.5v 0 /36/ 

The region of turbulent flow with v« exceeding 0.1122 is characterized by 
the equation 37. Formula /4/ of Chilton and Colburn is represented by the 
points of the curve 6 for the conditions used here. The critical value is 
6,039 m./sec. The streamline section of the curve can be expressed by the 
equation 38. ! 

^Pzh = 9312vJ* 8 /37/ 

^ i\s,p. 52.5v 0 /38/ 

The section of the curve describing the turbulent conditions, that is, where 
v 0 exceed 3 0.089, is described by the equation 

=- 359.7^* S /39/ 
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Fox* the sake of comparison, the curve 7 was drawn fro n data obtained by the 
Chilton and Colburn formula for th© case where the average grain diameter 
ia a cubic root of three dimensions* 

The values of the pressure drop in the air flow passing through the catalytic 
column according to Zhavoronkov /36/ and /37/, and according to Chilton and 
Colburn /38/ and /39/> ara connected between themselves and with the average 
values of the pressure drop established by the present authors /35/ as follows* 


== 2 - 6A P<s.c, AO/ 

A P sh — 0.9352 A P aTe j./ 21.6 /41/ 

A P c .o. = 0.3697 AiW„ /42/ 

The pressure drop at the inlet /32/ and at the exit /34/ from the contact 
column is connected with the average value /35/ as follows: 

Pinlet p aver« /43/ 

^^exit ~ 0*944 /44/ 

The pressure drop of the air at the inlet /32/ into the column is expressed 
according to Zhavoronkov /36/ and /37/ as follows: 

& Pinlet - 1.4374VP ah ~ 6 /45/ 


General Discussion 

It is of interest to compare the values of hydraulic resistance of catalytic 
columns, empty as well as packed, and to appraise the effect of the number 
of tubes in a collector contact column upon the hydraulic resistance * The 
numerical values are given in Table 1. The hydraulic resistance of the empty 
catalytic column, as dependent upon the Reynolds number, was calculated by 
the formula of d’Arcy /l/ and /la/ for streamline conditions (cases 1, 4 and 6) 
For turbulent conditions the law of Blasius /2/,( cases 2, 5 and 8 ) and the 
formula of Uikuradse /3/ (case 7) wore mad© use of. Considering that the 
Zhavoronkov formula has two members which describe, respectively, the 
hydraulic resistance caused by tho surface of the walls of the column and 
the surface of the grains of the catalyst, the question can be answered whether 
this formula permits a correct ©valuation of the hydraulic resistance of the 
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empty* column* For this column the following is valid for streamline conditions: 


Ap, 


str. 


200 PYvJl 

n 2 .. 3 

"tuba free 


For the turbulent region the following obtains: 


AP t 


7.6 pj 0 * 2 v o x ' 8 n 


®tube 


1.2- 3 

v free 


As follows from Table 1, th© hydraulic resistance of the empty catalytic 
tower calculated by the Zhavoronkov formula has a considerably higher value 
for all cases under consideration here (100 - 1,000 times), as compared with 
th© value obtained with the aid of hydrodynamic formulas widely employed in 
practice. It is possible, the ref ora, to conclude that the hydraulic resistance 
of empty catalytic columns cannot be calculated from the Zhavoronkov formula. 
For packed catalytic columns the hydraulic resistance, as calculated from the 
Zhavoronkov formula, is represented in th® last column of Table 1. The cata- 
lyst consisted of cylindrical tablets 9 x 9 x 4 m., of average diameter 
0.0073 m. and free volume 0.359. By correlating the values of the hydraulic 
resistance in the empty and catalyst-packed columns, one observes that the 
hydraulic resistance of the columns with the catalyst exceeds the resistance 
of empty columns 100,000 times or more. Hence, the hydraulic resistance to the 
gas flow exerted by the walls of the contact column is quite negligible. 

In commercial practice catalytic columns are of a special value, made up of 
a bundle of tubes of the same diameter. In streamline flow and at a constant 
value of the weight rate of gas flow, a change in the number of tubes in a 
packed column of this type exerts no effect upon the resistance of the column. 
The linear velocity is used in the equation for hydraulic resistance in the 
first degree? consequently for th© cases 3 and 4 in Table 1, the following will 
be valid: 


AP 4 _ x 

AP 3 v 3 aiw 4 ” 
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because v- — v^m (ra is the number of tubes in the column)* A totally 
different ^situation obtains in the regions of turbulent flow* Here the 
linear velocity is used in the foraula in the degree of 1*8* Discussing 
the cases numbers 8 and 7 of Table 1, it is seen that, inasmuch as the 




The hydraulic resistance of a catalytic collector column decreases in pro- 
portion to the number of tubes taken to the degree of 0.8j consequently, 
if the technology of the process is connected with high rites of flow by 
wight of the gas in the region of turbulent flow, and the value of the 
hydraulic resistance exerted by the catalyst or the dimensions of the 
column do not permit to realise these velocities in the column, consisting 
of a single tube, then in order to remove these hindrances a collector 
catalytic column should be used tilth a number of tubes equal to the ratio 
of the linear velocities for a simple and a collector column* (Thus, for 
the cases 7 and 8 of Table 1, ffl ^ v 7 ^ qq ) 

v£T 


weight rate Is constant, v^ — mvg : 


Ap 8 


1*8 

m Q 

WWW** 

1.8 


(mvs;) 


The effect of the average grain diameter upon the hydraulic resistance is 
described qualitatively by the Chilton and Colburn formula /4/ and that of 
Zhavoronkov /li/ . The hydraulic resistance of the catalytic pother drops 
with increase of the grain siae. The Chilton and Colburn formula gives for 
both hydrodynamic conditions a lower drop of the hydraulic resistance of 
the column with increase of the average grain sise, as compared to the 
Zhavoronkov formula* An exception is presented by some cases in the stream- 
line region, where ^tub©/ exce ©^ s 30. Here a reverse situation obtains 
find the Chilton and Colburn roramla shows a larger drop In the hydraulic 
resistance, with Increase of the grain sia© as compared to the data given by 
the Zhavoronkov formula. The connection between the two formulas with 
respect to the dependence /\,p — f(D ) is a straight line for streamline 
conditions (/15/ and /16/) and an exponential for turbulent conditions (/19/J 

A very interesting result was obtained by the authors in the study of the 
effect of the diameter of the contact column upon the hydraulic resistance. 
According to equations /20/ through /27/ and Fig* 5, the two formulas show 
contrasting effects of the diameter of the catalytic column upon the 
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hydraulic resistance. With increase of the diameter of the catalytic column 
the hydraulic resistance for both hydrodynamic conditions increases, accord- 
ing to Chilton and Colburn, but drops according to Zhavoronkov. The connec- 
tion between the two formulas is straightline in characters* (equations /28/ 
through /3l/) 0 


By correlating the quantitative interpretation of the dependence of the 
hydraulic resistance of the catalytic columns with the granulated packing 
upon the linear velocity of the gas stream, average grain size and diameter 
of the column, as expressed by the Chilton and Colburn ami Zhavoronkov 
formulas, the following characteristic of the Chilton and Colburn formula is 
obtained: In p = f(v 0 ) considerable lowering of the values of Ap is 
noted i for A p ~ f (Dp) a considerable decrease of the value of Ap and ; 
finally, in Ap — • f(D^ a totally abnormal character of the functional 
dependence, as compared to conventional concepts is manifested . 


Additional calculations of the dependence of the hydraulic resistance of 
columns packed with granulated catalyst upon average grata size of the packing 
and diameter of the column, which were based on the Zhavoronkov formula, mado 
it possible to write a general formula embracing all principal factors which 
determine the performance of catalytic towers. These factors characterize 
the contact column (altitude II, diameter D* O, the granulated catalyst 
(average grain diameter D p ) and the viscous medium N (where N is the product 
obtained by multiplying the density p , kinematic viscosity >} and th© linear 
velocity of the gas v e ) : * 


Ap 


KMH 


D^6D n 0 

P tube 


M ( V 


The hydraulic condition of the performance of the catalytic column determines 

the exponent of the components of H. For streamline conditions EL*_ n >) v 

while for turbulent conditions N t - py 0 * 2 r o 1 » S . To establish the “ ' ° 
character of the hydraulic conditions ‘prevailing in the catalytic column with 
granulated packing, and considering that the critical value of the Reynolds 
number corresponding to the transition from the streamline to turbulent state 
40 - 50, the Reynolds number should be determined from the expression 
He — fa£o . In this equation the aquivalent diameter of the column with 
/ ' v t re© 

the catalyst (d ) was substituted by the average grain diameter 0 which 
is valid when considerably exceeds the value of D_ . P 

In order to compare the value of K in equation /46/ and the extent of the 
effect upon it of D p and additional calculations were performed. 
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For this purpose into the Zhavoronkov formula /ll/ int mediate values were 
included , and it was connected with equation /&6/, The values of and n Q 
were taken from the corresponding particular expressions with consideration 
of the value of Stubs . For tho streamline conditions m 0 for Dp ms 

taken from equation /X4/, n Q for D^. ul38 from equations /24/ and /25/ ; for 
the turbulent flow uu from equation /IS/ and n- from equations /26/ 
and /27/. ° 


Catalyst grains had uniformly the shape of a cylinder, with a ratio of the 
diameter to the altitude D-s =. 2^, unlike the varying ratios of 
Dyhj when particular expressions for the dependencies Ap = f(Bp) and 

AP- f (^tube) wer© to ba found. In the determination of the effect upon 
the coefficient K in the equation /46/ of the average grain diameter D_ * 
the latter was changed within 0,0005 to 0.05 m. at D* ube values of F ' 

0.7 and 0*04 m« In the determination of the effect on K of the diameter 

of the cylindrical catalyst tower consisting of a single tube, the value of 
Utub© was changed within 7 and 0.008 m., while the value of Dp was kept 
constant at 0.0073 m. The free volume of the catalyst bed for various valuea 
of Dp was determined from equation /l2/» 


The results of the calculations are given in Table 3, The values obtained 
for K — f(D ) and K — £( D tub©) should be introduced into equation /46/. 
The equation 





/47/ 


will finally be obtained 
exponents of Dp and D 


tube 


The numerical values of K 
are shown in Table 4* 


o 


and those of the 
These values differ 


and refer to a definite region of values of D^ u ^/ and to the prevailing 
hydraulic conditions, p 


The value of K c in equation /47/ is a physical factor of the order of 
magnitude m , which has so far not yet been date rained. For streamline 
conditions it is close to 1 } for turbulent conditions, of the order of 0.8. 


Concerning the effect upon hydraulic ’-esistance of the geometrical fora of 
the granulated catalyst, which will affect the coefficient K In the 
equation /47/, two groups of geometrical forms can be considered, within 
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J£2g4- ™ BRIC ^ VALES OF K 0 AND 01' m AM) n IN EQUATION /47/ FOR DIFFERS® 
X.J1J&S4LS OF THE RATIO OF TIE &AKETER OF THE TUBE TO TIE AVERAGE DIA133TER OF THE 

PARTICLE 

No. Flow 

Interval of 
°tebe/ D p 

numerical 
value of 

*o 

Values of 

a for Dp 

T _ Tlf nr 

n for J^ubs 


1 turbulent 

2 r? 

3 st 

4 M 

5 w 

6 ** 


1 streamline 

2 » 

3 « 

4 » 


> 

470 

3.00 

2.030 

0.040 

470 

- 77 

2.11 

2,086 

0.040 

77 

- 25 

1.38 

2.176 

0.040 

25 

- 12 

1*16 

2.225 

0.040 

12 

** 2.3 

3*08 

1.934 

0.211 

< 

2.3 

8.50 

1.487 

0.430 

>-100 

51.33 

2.924 

0.056 

doo 

17.60 

3.342 

0.056 

0 

- 3 

85.60 

2.670 

0.316 

3 

•• 1«2 

165.20 

2.205 

0,742 


which the ratio of tho surface of the grain to its volume « At c.--a 
quently K 0 will be constant; I. cySSSrs of hi ^O.SdI 7 3 Snd t liter 
cyUDder of h, = 2D, , and fortlwf, IX. a 3 *“5 moSK/JSHST, 

~ 3'» a ana a sphere. Here h, arid E 

altitude and the diameter of the grain in meters . 


WilVi ia aLVl^U A 

regular cylinder 
are, respectively, the 


For an appraisal of the effect of the dimensions of the grain D upon the 
eonnedtion of K with the geometrical form, tho value of D *\ras varied in 
ai f , * 00 ttorf in the calculations peifomsd, keeping the p dimeter of «L 

catalytic column constant at 0.7 n. The results areshownin TablTs ?L 

D P do83 S ot “*•«* affeot ttTS. Stlonshlp'baSen 

o trio gstrotrlc&l forn of tho Foi* ths jyiwin tt „ «» 

of K ° Observed *20^°* str ® Qnlia0 conditions a raore considerable drop 

01 k c is ooserved, 20 ,* as compared to 10 ^ for turbulent flow «rvi«a 

fo ” “f the grain, l.e. a re^^uSl?* a ’ 
Sn”e° fom P (g"ipT) ' hy<3raUllC raBl3t “ C0 to a •« «Uw t£u a 
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TABLE 5 


1 1 

v “• 


C 

onditions 



1 

Streamline 

Turbulent 

0.0005 j 

i 1 

0.005 ! 

i 

F 1 

0.05 1 

3 

0.0005 

0.005 

0.05 

K 0 » I group 

20.65 

26.47 

23.60 

1.57 

1.80 

1.60 

K 0 , II " . 

16.18 

20.98 

18.77 

1.40 

1.61 

1.44 

£tK 0 , % 

21.6 

20,7 

20.4 

11.1 

10.7 

10.6 


The formulas of Chilton and Colburn A/* of Zhavoronkov /ll/ and of the present 
author AT/ describe the interdependencies as applied to a uniformly granulated 
catalyst, i.e., to a catalyst consisting of granules of uniform dimensions, 
forming a narrow fraction of material by sieve analysis. 

Hydraulic Resistance of TTon- 
uniform Granulated Material 

For the sake of completion, the hydraulic resistance of & catalyst column 
or layer consisting of non-uniform granulated material should be discussed. 

For the case of the gas flow through a layer of sand, L, 3. Leibenson modified 
(6) the formula of Slichter (7) for flow of water, and obtained the following 
expression; 


Pi -4 

» dCM| d 


/ 48 / 


Here pi and p~ 
exit from it r 
(1 kg./sq. cm,) 


are respectively the pressure at the inlet to the layer and 
given in kg./sq* m«$ P ~ VET in absolute atmospheres 
Q ~ consumption of gas in cu.m./aec.j /U - coefficient of 
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viscosity in kg. see./sq. n,j a and — coefficients,, the second of 
which depends upon the relative porosity; H — thickness of the layer 
in meters; £ = specific gravity of the gas with respect to air; F = cross- 
sectional area of the layer in aq. n.j d 0 * = average effective diameter 
of a sand particle in mm. 



where d, is the diameter of the sand particles and r f' i weight per cent 
of individual fractions. 

Using the experimental data of the Institute of Mineral Fuels pertaining to 
the hydraulic resistance of a tube packed with sand, as reported by 
Lelbenson, and the equations of the present authors, the following results 
were obtained* For the average effective diameter of particles of fine 
sand, the lelbenson formula gave 0,22 mm.; the Slichter curve, based on 
wight units, gave 0.223, A similar value of d» (0.225) can be directly 
found if tho average diameter of particles of the predominating fraction of 
the sand layer (ever 50 per cent) is considered. The relative porosity of 
the sand determined from specific gravity is 2.5 tines larger than the free 
space in the layer calculated from equation /12/, considering tha£ D„ = <L 
It should be noted especially that the equation /A6/ given by Leibenson was* 
verified only for streamline flow, inasmuch as the experiments of the State 
Institute of Mineral Fuels were performed at Reynolds number not exceeding 
21 and the critical value of the Reynolds number was 50 - 60, Correlation 
of experimental values of the hydraulic resistance of a sand layer with the 
value calculated from equation /47/ gave: 


v 0 in 
ra./sec. 

Pi 

P2 

/\ p 

exper, , 

he-A<J» cu 

1 

Ap 

according 
to /47 / 

0.279 

11000 

940 

1.0 x 10 4 

0.8 x IQ 4 

1.141 

22180 

1040 

2.1 x 10 4 

3.3 x 10 4 
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These data show that the formula /47/ is applicable also for evaluation of 
the hydraulic resistance of a column packed with a non-uniform catalyst, 

In conclusion, it should be noted that instead of three experimentally 
determined values characterising the catalyst material (number of granules, 
surface of the granules and free volume of the catalyst bed) which are 
required for calculations by the Zhavoronkov formula, the formula derived by 
the present authors requires only a 3 ingle determination of the free volume 
of the catalyst bed (from the volume of water or fine sand filling that 
space). The factor characterizing the catalyst packing according to this 
formula, l.e., the average grain diameter, can be found from equation /12/. 


Received at the Editorial Office 
July 14, 1945 
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FIG. 6. EXPERIMENTAL UNIT FOR THE STUDY OF THE 
EFFECT OF THE LINEAR VELOCITY OF A STREAM OF GAS 
UPON THE HYDRAULIC RESISTANCE OF A COLUMN WITH 
SOLID GRANULATED CATALYST 


FIG. 7. DEPENDENCE OF THE HYDRAULIC RESISTANCE Ap QF 'i 
COLUMN WITH GRANULATED CATALYST UPON THE LINEAR VELOCITY^ 
OF THE GAS STREAM OBSERVED IN THIS WORK. 1 - 4 p at the 
air inlet to the column; 2 - Ap at the middle of the 
column; 3 - average values of Ap; 4 - Ap at the writ 
from the column; 5 - ^p according to Zhavoronkov: 6 — Ap 
according to Chilton and Colburn; 7 - Ap according to 
Chilton and Colburn, assuming the average diameter: t»f. the 
particlea to be equal to the cubic root of three 
dimensions. 


TABLE 3. EFFECT OF THE AVERAGE GRAIN SIZE OF THE CATALYST (D ) AND THE DIAMETER OF THE 
CONTACT COLUMN (D tube ) ON THE VALUE OF K IN EQUATION P /46/ 






— 

Value 



Interval of 


Interval of values 


No. 

Flow 

values of 
D tube / ^ ) p 

Interval of values of 
D p for known , m . 

^ m.)of D tube foi 1 
D p = 0.0073 m. 

From D of the 
entire interval 

1 


\ A7f\ 

for D tube = °.7 M 

> 3,43 

3D p 0,085 



< 0,0015 

2 

» 

470—77 

0,0015-0,009 

3,43—0,562 

2,11 O p o,03 

3 

» 

-4 

1 

cn 

0,009—0,0028 

0,562-0,182 

1,38 





Op 0,06 

4 

» 

25-12 

r 0,0028-0,0583 

0,182 -0,087 

0,087—0,017 

1,16 

5 


12—2,3 


D p o.io# 



0,0033-0,017 

3,08 a p 0,202 

6 / 

1 

» 

<2,3 

>0,017 

• forD tebe = 0 - 07 “ 

< 0,017 

17,62 D p 0.62# 

streamline 

>100 

> 0,73 

51,33 D p o n 



< 0,0073 
(0.0005 - 0,0073) 




2 


< ICO 

> 0,0073 
(0,0073 -0,05) 

< 0,73 
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air inlet to the column j 2 - Ap at the middle of the 
column} 3 - average values of Ap; 4 - Ap at the eacLt 
from the column} 5 - according to Zhavoronkov; 6 -• Ap 
according to Chilton and Colburn} 7 — Ap according to 
Chilton and Colburn, assuming the average diameter; of . the 
particles to be equal to the cubic root of three 
dimensions. 
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FIG 6. EXPERIMENTAL UNIT FOR THE STUDY OF THE 
EFFECT OF THE LINEAR VELOCITY OF A STREAM OF GAS 
UPON THE HYDRAULIC RESISTANCE OF A COLUMN WITH 
SOLID GRANULATED CATALYST 


linear velocity of the air, ra./seo* 

FIG. 7. DEPENDENCE OF THE HYDRAULIC RESISTANCE Ap CF% 
COLUMN WITH GRANULATED CATALYST UPON THE LINEAR VELOCITY 
OF THE GAS STREAM OBSERVED BI THIS WORK. I - J p at the 
air inlet to the column} 2 - Ap at the middle of the 
column; 3 - average values of Ap; 4 - Ap at the exit 
from the column; 5 - Ap according to Zhavoronkov j 6 — Ap 
according to Chilton and Colburn; 7 - Ap according to 
Chilton and Colburn, assuming the average diameter: of , the 
particles to be equal to the cubic root of three 
dimensions. 
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FIG 6 EXPERIMENTAL UNIT FOR THE STUDY OF THE 
EFFECT* OF THE LINEAR VELOCITY OF A STREAM OF GAS 
UPON T11E HYDRAULIC RESISTANCE OF A COHJKN WITH 
SOLID GRANULATED CATALYST 


linear velocity of the air, m./seo* 

FIG. 7. DEPENDENCE OF THE HYDRAULIC RESISTANCE Ap CP 4 
COLUMN WITH GRANULATED CATALYST UPON THE LINEAR VELOCITY 
OF THE GAS STREAM OBSERVED- IN THIS WORK. 1 - 4 p at the 
air inlet to the column; 2 - Ap at the middle of the 
column; 3 - average values of Ap; 4 - Ap at the exit 
from the column; 5 - Ap according to Zhavoronkov; 6 - Ap 
according to Chilton and Colburn; 7 - Ap according to 
Chilton and Colburn, assuming the average diameter;: ttf, the 
particles to be equal to the cubic root of three 
dimensions. 
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FIG. 6. EXPERIMENTAL MIT FOR THE STUDY OF THE 
EFFECT OF THE LINEAR VELOCITY OF A STREAM OF GAS 
UPON THE HYDRAULIC RESISTANCE OF A COLUMN WITH 
SOLID GRANULATED CATALYST 


linear velocity of the air, m./seo* 
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COLUMN WITH GRANULATED CATALYST UPON THE LINEAR VELOCITY • 
OF THE GAS STREAM OBSERVED IN THIS WORK. 1 - J p at the 
air inlet to the column; 2 - Ap at the middle of the 
column; 3 -average values of Ap; 4 - Ap at the exit 
from the column; 5 - according to Zhavoronkov; 6 - Ad 
according to Chilton and Colburn; 7 - A P according to 
Chilton and Colburn, assuming the average diameter’ Of the 

d££neions!° bB t0 the oubio root <* three ' 


TABLE 3. EFFECT OF THE AVERAGE GRAIN SIZE OF THE CATALYST (D ) AND THE DIAMETER OF THE 
CONTACT COLUMN (D tub0 ) ON THE VALUE OF K III EQUATION P /46/ 


turbulent 


Interval of 


Interval of values 


values of j Interval of values of (in a.) of- D tube foi '(From D 0 f the 
D p for knoWn D tube » m * D p = 0.0073 m. (entire Snterval 


equation /46/ 

I from D. . 


D tube //D p 


> 470 
470—77 
77—25 
25-12 
12-2,3 
<2,3 
>100 


for D tube = 0,7 M 

< 0,0015 
0,0015-0,009 

0,009—0,0028 

for b'xJiel 0583 
/lan Oi V i=o 704 ic 

7 0T0033-0, 017 

>0,017 

D tube = °’^ 7 “ 

< 0,0073 
(0,0005 - 0,0073) 

> 0,0073 
(0,0073 -0,05) 

f0I,r, tube =0,01 M 

0,005 -0,015 
0,016-0,034 


> 3,43 
3,43—0,562 
0,562—0, 182 
0,182-0,087 
0,087-0,017 

< 0,017 
> 0,73 

< 0,73 
0,058-0,222 
0;O22— 0. 0087 


3 D p 0,085 


2,11 D p 0,03 


D p o.oe 

1,16 

D p O.UM 

3,08 D p 0,202 


17,62 D p 0,629 


51,33 D p o n 


O 0,008 

p 

85,6 D 0,873 

p 


’ I — *'* | j V,U«-U,UV9( | 600 z> p 0.B9 | (0,03; 0,008) 

* The numerical voiu^Vpprovecfc^iQr ReleasetiOO^/IM/l)^ Cl A-RDP80-00926A001 400040002-2 


Extreme values D. 
given for the 
interval 


tube Values of K 

corresponding to them 


(7; 4) 

(3; 0,8) 
(0.5; 0,2) 
(0,15; 0.09) 
(0,07; 0,018) 
(0,017; 0,003) 
(3; 0,8) 

(0.7; 0,06) 
(0,05; 0,02) 


(2.64; 2,97) t 

( 2 , 22 ; 2 , 12 ): 


a35; c 

o- 05 ; >.06)n — ~ 


(3,2; 3,14) • 
(8,5)* 
(51,9; 49) ■ 


D, , 0,050 
tube 


(16,6; 17,67) • 


(85:89 KX^rr 





25X1 A 



No. 


Flow 


turbulent 


streamline 


TABLE 3. EFFECT OF THE AVERAGE GRAIN SIZE OF THE CATALYST (D ) AND THE DIAMETER OF THE 
CONTACT COLUMN (D tube ) ON THE VALUE OF K IN EQUATION P /46/ 


Interval of 
values of 

^tube^p 


> 470 
470-77 
77—25 
25-12 
12-2,3 
<2,3 
>100 

< ICO 
8-3 
3-1,2 


. elation /46/ 


Interval of values of 

D for known D, , . n 

p tube » 


I Interval of values , 

[£n m.)of D tube f oi [From D of the 
D s 0.0073 m. jentire Interval 


from D. 


t0T D tube = 0.7 M 


< 0,0015 
0,0015-0,009 

0,009—0.0028 


- 0,0028 — 0,0583 

4 « 


0,0033-0,017 

>0,017 

rOTO tube =0 ' 07 ** 


< 0,0073 
(0,0005-0,0073) 

> 0,0073 
(0,0073 -0,05) 

forD tube = 0,01 M 


0,005 -0,015 
0,016-0,034 


Extreme values D. 
| given for the 
interval 


-tojbSL. 


tuba 


Values of K 
corresponding to them 


> 3,43 
3,43—0,562 
0,562-0,182 
0,182 -0,087 
0,087—0,017 

< 0,017 
> 0,73 

< 0,73 
0,058—0,222 
0;"022— 0.0087 


3D p o.oss 


2,11 D p o,o 


1,38 

1,16 


1 


D p 0,06 

1 

£> P 0,10^ 


3,08 Dp 0,202 


17,62 D p 0,62# 


51,33 D p o n 


17,6 


D 0,098 

P 


85,6 D p 0,873 


600 D 0.838 

p 


The numerical valu< 


(7; 4) 

<3; 0,8) 
(0,5; 0,2) 
(0,15; 0.09) 
(0,07; 0,018) 
(0,017; 0,003) 
(3; 0,9) 

(0,7; 0,06) 
(0,05; 0,02) 
(0,03; 0,008) 


^ppros#ecfc^rRelfiaset2O0^/Q4/'b^CIA-RDP8O-OO926AOO1 400040002-2 


(2,64; 2,97) j 
( 2 , 22 ; 2 , 12 ) ■ 
(1,35; 1,33) 
(1,05; 1,06) 
(3,2; 3,14) 


£ ^0,04 

1 

Vbe°' W 


D tube 


(8,5)*- 


cube 


0.26 8 


(51,9; 49) 


D, . 0,036 

tube 


(16,6; 17,67) 


(85;89^ 

(165,2V 


^tube 0,05 ® 

1 


tube °' 81J 

1 


u tube 


0,426 




25X1A 



elease 2002/01/11 : CIA-RDP80-00926A001 40004000 


m A2 


diameter of the tube in m 0 


FIG. 5. DEPENDENCE CF THE HYDRAULIC RESISTANCE IN THE 
CATALYTIC TOWER Ap UPON ITS DIAMETER D + ^ The 
carve* 1 and 3 were calculated accoidlng lo Zhavoronkov 
and curvee 2 and 4 ‘according to Chilton and Colburn. 
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FIG. 7. DEPENDENCE OF THE HYDRAULIC RESISTANCE Up OF % 
C0I.UMN WITH GRANULATED CATALYST UPON THE LINEAR VELOCITY* 
OF THE GAS STREAM OBSERVED IN THIS WORK. 1 - 4 p at the 
air inlet to the column; 2 - ap at the middle of the 
column; 3 - average values of Ap; 4 - Ap at the exit 
from the column; 5 - Ap according to Zhavoronkov; 6 -* Ap 
according to Chilton and Colburn; 7 - Ap according to 
Chilton and Colburn, assuming the average diameter' of- the 
particles to be equal to the cubic root of three 
dimensions. 


TABLE 3. EFFECT OF THE AVERAGE GRAIN SIZE OF THE CATALYST (D ) AND THE DIAMETER OF THE 
CONTACT COLUMN (D tube ) OH THE VALUE OF K IN EQUATION P /46/ 


Interval of 


values of Interval of values of J{ln m.)of D^ ubQ fox 


D tube^p 


D for known D. 


D tube ^,7 M 

0,0015 


Valu e of K in equation /46/ 


Interval of values 


tube » m M » = 0.0073 m. 


f rom D of the 
ntire Interval 


> 3,43 


3 D p 0,085 


Ertrerae value* D tub£ Valu63 of K 

given for the 


corresponding to them 


(2,64; 2,97) , 


470-77 


0,0015-0,009 


3,43—0,562 


2,11 D p 0.03 


(3; 0,8) 


( 2 , 22 ; 2 , 12 ); 


12-2,3 


0,009—0,0028 


0,0023—0,0583 
~or DrvbCs 
.Ran 0,04 u 

670033 —0,017 


0,562-0,182 


0,182-0,087 


0,087—0,017 


D p «.i» 


D o.ioj 

p 


3,08 D p o,soi 


(0.5; 0,2) 


(0,15; 0.09) 


(0,07; 0,018) 


(1,35; 1,33) 

' D ^o.oi 

(».«: 1% — ~ 


(3,2; 3,14) 


>0,017 

f ° rD tube " 

< 0,0073 
(0,0005 - 0,0073) 


< 0,017 


> 0,73 


17,62 D p 0.82# 


51,33 D p o ll 


(0,017; 0,003) 


(3; 0,8) 


(51,9; 49) 


D tube 0,038 


> 0,0073 
(0,0073 -0,05) 
forD tube =0,04 m 
0,005-0,015 


< 0,73 


0,058-0,222 


D 0,088 

P 

85,6 Z> p O,s73 


(0,7; 0,06) 


(0,05; 0,02) 


(16,6; 17,67V- 


(85;89^ 


0,016-0,034 


0;U22— 0.0087 


600 D 0,836 

p 


(0,03; 0,008) 


• The numerical vniuApprovtocb^Q/* ReJaa«e t 20Q2/Q 1 li/lD'| u j )e CIA-RDP80-00926A001 400040002-2 


(,65 ^t^ 


25X1A 


•SH-tlJsti 



or release 2002/01/11 : CIA-RDP80-00926A001 40004000 


at 02 


diameter of the tube in m. 


5. DEPENDENCE CF the hydraulic resistance in the 

CATALYTIC TOWER Ad UPd? ITS DIAMETER D + , The 
curves 1 and 3 were calculated according to Zhavoronkov 
and curves a and 4 ’according to Chilton and Colburn. 





FIG, 6. EXPERIMENTAL UNIT FOR THE STUDY OP THE 
EFFECT OF THE LINEAR VELOCITY OF A STREAM OF GAS 
UPON THE HYDRAULIC RESISTANCE OF A COLUMN WITH 
SOLID GRANULATED CATALYST 


00! 02 03 Qjt OS W 0,7 Wf IS JO Tt It 

linear velocity of the air, ro./sec* 

FIG. 7. DEPENDENCE OF THE HYDRAULIC RESISTANCE Ap OF , i. 
COLUMN WITH GRANULATED CATALYST UPON THE LINEAR VELOCITY^ 
OF THE GAS STREAM OBSERVED BJ THIS WORK. 1 - ^ p at the 
air inlet to the column; 2 - Ap at the middle of the 
column; 3 - average values of Ap; 4 - Ap at the exit 
from the column; 5 — Ap according to Zhavoronkov) 6 ■■ Ap 
according to Chilton and Colburn; 7 — Ap according to 
Chilton and Colburn, assuming the average diameter 'ftf. t he 
particles to be equal to the cubic root of three 
dimensions. 


turbulent 


TABLE 3. EFFECT OF THE AVERAGE GRAIN SIZE OF THE CATALYST (D ) AND THE DIAMETER OF THE 
CONTACT COLUMN (D tube ) ON THE VALUE OF K IN EQUATION P /46/ 


Interval of 


D. /D 
tube' p 


Interval of values 


vo. liimi viu ui vei-Luos } 

values of Interval of values of lin m.)of D^ ube foi {From D of the 
/n I ti [entire Jnterval 


Valueof ^JC _in_ equation /46/ 

1 frcm D tuba 


_ T 77 — — l ' — 

D p for known , m.| _ 0>0073 m< 


for D tube = 0.7 M 

< 0,0015 > 3,43 


30 p o.oes 


Extreme values D bube 
given for the 
interval 


Values of K 
corresponding to them 


(2,64; 2,97) 


streamline 


470-77 


25-12 


12-2,3 


0,0015-0,009 

0,009—0,0028 

c 0,0028-0,0583 

4 u 

' 670033—0,017 


>0,017 

: for "tube = 0 ' 07 “ 

< 0,0073 
(0,0005 - 0,0073) 

> 0,0073 
(0,0073-0,05) 

forD tnbe =0,01 M 

0,005 -0,015 


3,43—0,562 
0,562-0,182 
0,182-0,087 
0,087—0,017 
< 0,017 
> 0,73 


< 0,73 
0,058-0,222 
07622—0,0087 


2,11 D p 0,03 


0p 0.09 

1 


0 0, tOi* 

p 


3,08 D p 0.202 


17,62 D p 0,' 


51,33 D p o n 


1 Op 0,008 

85,6 D p 0,873 


(3; 0,8) 
(0,5; 0,2) 
(0,15; 0.09) 
(0,07; 0,018) 
(0,017; 0,003) 
(3; 0,3) 


(0,7; 0,06) 


(0,05; 0,02) 
(0,03; 0,008) 


( 2 , 22 ; 2 , 12 ) 


The numerical vali 


3-1,2 | 0,016—0,034 j 0;*022 — 0,0087 | 600 D p o.Mfi j (0,03; 0,008) 

bAppKOvedi^sr Belaa&e a0Q2/Q^1^CIA-RDP80-00926A00 1400040002-2 


D tube 0|0< 


(, ’ 35; '- 33) 
(1 ’° 5: 


(3.2; 3,14) 


Stube 0 '*" 




(51,9; 49) 


D tube°'° 38 


(,6>6: , 7 * 67 ) w^ 

(85;89 KzW 








25X1A 


im 



or release 2002 / 01/11 : CIA-RDP 80 - 00926 A 001 40004000 


TMj Sf gj 

diameter of the tube in m. 

?IG. 5. DEPiffTTOiNCE CF THE HYDRAULIC RESISTANCE IN THE 
CATALYTIC TOWER Ap UPON ITS DIAMETER D + . The 
curves 1 and 3 were calculated according to Zhavoronkov' 
and curves 2 and 4 ’according to Chilton and Colburn. 



mo 

* 



t300 




1200 

two 



® / 

• 2 

<s>0 

• t 

o 5 

1000 

1 



• S 
• 7 

h soo 

o 

o 




« 800 
1 . 




/OB 

1 




^ QUU 

P# 

<J ran 




SOu 


r 


too 

000 

i 





s 


tisU 

100 



£4 


132 



% 

• - T • j 

Jt 

l 

/ 

W 


f 











& 










FIG. 6. EXPERIMENTAL TOUT FOR THE STUDY OF THE 
EFFECT OF THE LINEAR VELOCITY OF A STREAM OF GAS 
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FIG. 7. DEPENDENCE OF THE HYDRAULIC RESISTANCE Ap CBCL 
COLTON WITH GRANULATED CATALYST UPON THE LINEAR VELOCITY^ 
OF THE GAS STREAM OBSERVED IN THIS WORK. 1 - 4 p at the 
air inlet to the column; 2 - Ap at the middle of the 
column; 3 - average values of Ap; 4 - Ap at the exit 
from the column; 5 - Ap according to Zhavoronkov; 6 - Ap 
according to Chilton and Colburn; 7 — Ap according to 
Chilton and Colburn, assuming the average diameter /Of , the 
particles to be equal to the cubic root of three 
dimensions. 
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CATALYTIC TOWER Ap UPCK ITS DIAMETER D + . . The 
curves 1 and 3 were calculated according to Shavoror 
and curves 2 and 4 ’according to Chilton and Colburn 
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FIG. 7. DEPENDENCE OF THE HYDRAULIC RESISTANCE Ap OF. 'A 
COLUMN WITH GRANULATED CATALYST UPON THE LINEAR VELOCITY 
OF THE GAS STREAM OBSERVED IN THIS WORK. 1 - 4 p at the 
air inlet to the column? 2 - Ap at the middle of the 
column; 3 - average values of Ap; 4 - A p at the exit 
from the column; 5 - Ap according to Zhavoronkov; 6 — Ap 
according to Chilton and Colburn; 7 - Ap according to 
Chilton and Colburn, assuming the average diameter/df , the 
particles to be equal to the cubic root of three 
dimensions . 
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curves 1 and 3 were calculated according to Zhavoronkov 
and curves 2 and 4 ‘according to Chilton and Colburn. 
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FIG. 7. DEPENDENCE OF THE HYDRAULIC RESISTANCE Ap OF % 
COLUMN TOTH GRANULATED CATALYST UPON THE LINEAR VELOCITY 
OF THE GAS STREAM OBSERVED IN THIS WORK. I - 4 p at the 
air inlet to the column; 2 - Ap at the middle of the 
column; 3 - average values of Ap; 4 - Ap at the exit 
from the column; 5 - Ap according to Zhavoronkov; 6 *• Ap 
according to Chilton and Colburn; 7 - Ap according to 
Chilton and Colburn, assuming the average d l ame ter httf , the 
particles to be equal to the cubic root of three 
dimensions. 
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FIG. 1. DEPENDENCE OF THE MODIFIED FRICTION 
FACTOR fO UPON THE MODIFIED REYNOLDS NUMBER 
Re* BY THE FORMULA OF CHILTON AND COIBURN. 

1 - streamline flow; 2 - turbulent flow 
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FIG. 2. DEPENDENCE OF THE COEFFICIENT OF THE EFFE CT 
OF THE WALLS c UPON THE RATIO OF THE AVERAGE DI- 
AMETER OF THE PARTICLES TO THE DIAMETER OF THE TUBE 
Dp/D tub0 BY THE FORMULA OF CHILTON AND COLBURN. 

1 - for streamline flow; 2 - for turbulent flow 
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FIG. 4. DEPENDENCE OF THE HYDRAULIC RESISTANCE IN THE 
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CATALYST GRAINS . For turbulent flow: 1 - according to 
Chilton and Colburn; 2 - according to Zhavoronkov. 

For streamline flow: 3 - according to Zhavoronkov; 4 — 
according to Chilton and Colburn. 
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FIG. 3. DEPENDENCE OF THE FREE VOLUME OF THE 
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FIG. 4. DEPENDENCE OF THE HYDRAULIC RESISTANCE IN THE 
CATALYST BED ^ p UPON THE AVERAGE DIAMETER OF THE “ 
CATALYST GRAINS * For turbulent floi/: 1 - according to 
Chilton and Colburn; 2 - according to Zhavoronkov. 

For streamline flow: 3 - according to Zhavoronkov; 4 - 
according to Chilton and Colburn. 
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FIG. 4* DEPENDENCE OF THE HYDRAULIC RESISTANCE IN THE 
CATALYST BED & p UPON THE AVERAGE DIAMETER OF. THE 
CATALYST GRAINS. For turbulent flow: 1 - according to 
Chilton and Colburn; 2 - according to Zhavoronkov. 

For streamline flow: 3 - according to Zhavoronkov; 4 - 
according to Chilton and Colburn. 
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FIG. 4. DEPENDENCE OF THE HYDRAULIC RESISTANCE IN THE 
CATALYST BED A p UPON THE AVERAGE DIAMETER OF THE 
CATALYST GRAINS. For turbulent flow: 1 - according to 
Chilton and Colburn; 2 - according to Zhavoronkov. 

For streamline flow: 3 - according to Zhavoronkov; 4 - 
according to Chilton and Colburn, 
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FIG. 3. DEPENDENCE OF THE FREE VOLUME (F THE 
CATALYST BED UPON TIlE AVERAGE DIAMETER OF 
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FIG. 4. DEPENDENCE OF THE HYDRAULIC RESISTANCE IN THE 
CATALYST BED A p UPON THE AVERAGE DIAMETER OF. THE 
CATALYST GRAINS. For turbulent flow; 1 - according to 
Chilton and Colburn; 2 - according to Zhavoronkov. 

For streamline flow: 3 - according to Zhavoronkov; 4 - 
according to Chilton and Colburn. 
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FIG. 1. DEPENDENCE OF THE MODIFIED FRICTION 
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1 - streamline flow; 2 - turbulent flow 
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1 - for streamline flow; 2 - for turbulent flow 
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CATALYST GRAINS, For turbulent flow: 1 - according to 
Chilton and Colburn; 2 - according to Zhavoronkov. 

For streamline flow: 3 - according to Zhavoronkov; 4 - 
according to Chilton and Colburn. 


Izv. (tekh.) 
1946 . .421 ff . 


No. 

Type of packing 

DIAMETER OF THE GRA 

Shape 

QL. . n 

Dimensions of the 
grains, mm. 

Av. diam- 
eter of 
the grain, 
mirv. 

Free 

apace 

1* 

Glass rods 

Cylinders 







5X5X8 

6,0 

0,35 

2* 

■Aluminosilicate 

Cylindrical 





catalyst 

tablets 

9X9X4 

7,3 

0,35 

3 

Catalyst for con- 

Tablets 

11X11X6 

9,3 

0,38 


version of CO 





4 

Vanadium catalyst 

11 

11X11X6.5 

9,5 

0,43 

5 

Coke 

Irregular 

29,6 X 25,8X 18 

24,5 

0,532 

6* 

Glass granules 

Pear-shaped 

20 X 20 X 37,5 

25,8 

0,500 

7 

Coke 

Irregular 

35,6X28,8X 18 

27,5 

0,535 

8 

it 

1 

47,6X41,5X33,4 

40,8 

0,545 

9 

Gravel 

Spherical 

56,8X40,8X29 

42,2 

0,570 

10 

Coke 

J Irregular 

52 X 40,3 X 35,5 

42,6 

0,560 

11 

Andesite 

n 

56X43,7X32,6 

44,1 

0,565 


♦ Catalyst tested in this work 

Approved For Release 2002/01/11 : CIA-RDP80-00926A001400040002-2 





hydraulic resistance, kg ./ Sq< 


1 

o 

ABLE 

•» 

♦ 

1 

Eh 

1.- HYDRAUIJ 

Dimensions 
of the tube 

m. 


ariiEo 

rflteteassoiSW] 


h Rat 
of 

e of flow 
the air 


Character 
of the 
flew 

AP* pressure drop 

In the empty- 
column 


i 

iff!® 

ini: 

III! 

8^ Si 

O OH ?! 

<tj ^3 pa; 

fj 

Ji 

Ji 

g 

o 

o ,1 

|l 

i +> 

Altitude 
Ai (H) 

i 

& . 

$ 

• 

* o 

Q) 

'll fl 

Number of 
tubes in 
the tower 

1 

15 

0,1 

1 

2,28 

0,068 

1 

streamline 

4,03 -10“ 4 

0,054 

53,2 

2 

15 

0,1 

1 

33,5 

1 

1 

turbulent 

0,019 

35,2 

219,2 

3 

500 

0,2 

2,544 

3,46 

0,068 

1 

streamline 

1,09- 10~ ! 

0,07 

67,6 

4 

500 

0,2 

2,544 

3,46 

0,0004 

180 

» 

6,07* 10“ 8 

0,07 

67.6 






(0,000378) 




1 

■ 


5 

500 

0,2 

2,544 

50,9 

l' 

1 

turbulent 

0,013 

7,93 

492,8 . 

6 

500 

0,2 

2,544 

50,9 

0,0055 

180 

streamline 

0,004 

0,01 

985 

7 

500 

0,2 

2,544 

18304 

360 

1 

turbulent ! 

446,4 

3,09. 10 5 

1,96. 10 7 

8 

500 

0,2 

2,544 

18304 

2 

180 

* 

0,044 

4,85- 10 1 

3,07.107 


)-00926Wi 




Bf, 


_ - w w jff vjT~W*s 

Re 1 , modified Reynolds number 

streamline flow 

FIG. 1. IMPENDENCE OF THE MODIFIED FRICTION 
FACTOR fO UPON THE MODIFIED REYNOIDS NUMBER 
Re' BY THE FORMULA OF CHILTON AND COIBURN. 

1 - streamline flow; 2 - turbulent flow 


as\ 


■ oA 


D p^°tube 

FIG. 2. DEPENDENCE OF THE COEFFICIENT OF THE EFFECT 
OF THE WALLS c UPON THE RATIO OF THE AVERAGE DI- 
AMETER OF THE PARTICLES TO THE DIAMETER OF THE TUBE 
V D tube BY FmmA 0F CHILTON AND COLBURN. 

1 - for streamline flow; 2 - for turbulent flow 


0.3\ 


£ U\ 


t 




n 

U 

■ 

1 


Jus 

a 

■ 

■ 

■ 


500 


is 


g 

1 

s 

OM 

si^kJ 


ll§§ifcl 

ii 


oA 



| 

P 


a 

c 

I 



a 

/ 

■ 




f 

o Zhavoronkov* s data 
• experimental data 












Q W ZQ 3 

17 ' 4 

Q SO 


FIG. 3. DEPENDENCE OF THE FREE VOLUME OF THE 
CATALYST BED UPON THE AVERAGE DIAMETER OF 
THE PARTICLES. 

TABLE 2. INTERDEPENDENCE BETWEffl TIE. FREE SPACE OP THE PACKING AND THE AVERAGE 
— _ .DIAMETER OF THE G RAIN 



Dimensions of the 
grains, mm. 


av. diameter of the particles, m. 

FIG. 4. DEPENDENCE OF THE HYDRAULIC RESISTANCE IN THE 
CATALYST BED A p UPON THE AVERAGE DIAMETER OF THE ‘ 

GRAffiS * For turbulent flow: 1 - according to 
Chilton and Colburn; 2 - according to Zhavoronkov. 

For streamline flow: 3 - according to Zhavoronkov; 4 - 
according to Chilton and Colburn. 


Izv. (tekh.) 
1246, .421 ff . 


1 

21 

3 

4 

5 

6*! 

7 

8 
9 

10 

11 


Glass rods 

-Aluminosilicate 

catalyst 

Catalyst for con- 
version of CO 
Vanadium catalyst 

Coke 

Glass granules 

Coke 

u 

Gravel 

Coke 

Andesite 


Cylinders 

Cylindrical 

tablets 

Tablets 


Irregular 

Pear- shaped 

Irregular 

n 

Spherical 

Irregular 


5X5X8 

9X9X4 

11X11X6 

UXll X6.5 

29,6X25,8X18 

20X20X37,5 

35 6 X 28,8X18 
47,6X41,5X33,4 
56.8 X 40,8 X 29 
52 X 40,3 X 35,5 
56 X 43,7 X 32,6 


Av, diam- 
eter of 
the grain, 
mm. 

, 


6,0 

7.3 

9.3 

9,5 

24.5 

25.8 

27.5 

40.8 
42,2 

42.6 
44,1 


Free 

space 


Approved For Release 2002 / 0 l 7 t 1 ^etA^DF»&^O 0 & 26 AO 0 1400040002-2 


0,35 

0.35 

0,38 

0,43 

0,532 

0.500 

0,535 

0,545 

0,570 

0,5t>0 

0,565 













hydraulic resistance, kg./sq 


M ir HYDRAUIIC RKST^ ,prp pip\r&rh fiftrBdfea^ra(^M/M^tMy?P8O-OO926M )014OOp4OOO^2 


Dimensions 
of the tube 

m. 



15 

15 

500 

500 

500 

500 

500 

500 


0,1 

0,1 

0,2 

0,2 

0 V 2 

0,2 

0,2 

0,2 


1 

1 

2,544 

2,544 

2,544 

2,544 

2,544 

2,544 


Rate of flew 
of the air 


2,28 

33,5 

3,46 

3,46 

£0,9 

50,9 

18304 

18304 


0,068 

1 

0,068 

0,0004 
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FIG. 1. DWDEMCE OF THE MODIFIED FRICTION 
FACTOR fO UPON THE MODIFIED RSYNOIDS NUMBER 
Re» BY THE FORMULA OF CHILTON AND COLBURN. 

1 - streamline flow; 2 - turbulent flow 


Ml 


u 

I" 1 


03 


FIG. 2. DEPENDENCE OF THE COEFFICIENT OF THE EFFECT 
OF THE WALLS c UPON THE RATIO OF THE AVERAGE DI- 
AMETER OF THE PARTICLES TO THE DIAMETER OF THE TUBE 
Dp/D tube BY THE FORMULA OF CHILTON AND COLBURN. 

1 - for streamline flow; 2 - for turbulent flow 
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FIG, 3. DEPENDENCE OF THE FREE VOLUME OF THE 
CATALYST BED UPON THE AVERAGE DIAMETER OF 
THE PARTICLES , 

INTERDEPENDENCE BETWEEN THE FREE SPACE OF THE PACKING AND* THE AVERAGE 
DIAMETER OF THE o ratw __ 


No. Type of packing 


Shape 


I Dimensions of the 
grains, mm. 


Av, diam- 
eter of 
the grain 
mm. 


0.0025 ' 0OO5O Urns 
av. diameter of the particles, m. 

FIG. 4. DEPENDENCE OF THE HYDRAULIC RESISTANCE IN THE 
CATALYST BED A, p UPON THE AVERAGE DIAMETER OF. THE ‘ 
CATAIY3T GRAINS . For turbulent flow: 1 - according to 
Chilton and Colburn; 2 - according to Zhavoronkov. 

For streamline flow: 3 - according to Zhavoronkov; 4 - 
according to Chilton and Colburn. 


mn 


Izv. (tekh.) 
1246, ,421 ff , 


1* 

2 * 

3 

4 

5 

6 * 

7 

8 
9 

10 

11 
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‘Aluminosilicate 

catalyst 

Catalyst for con- 
version of CO 
Vanadium catalyst 

Coke 

Glass granules 

Coke 

11 

Gravel 

Coke 

Andesite 


Cylinders 

Cylindrical 

tablets 
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Pear-shaped 

Irregular 

n 

Spherical 

Irregular 


5X5X8 

9X9X4 

11X11X6 

IIXU X 6,5 

29,6 X 25,8 X 18 
20X20X37,5 

35,6X28,8X 18 
47,6X41,5X33,4 
56,8 X 40,8 X 29 
52 X 40,3 X 35,5 
56X43,7X32,6 


: 1 r ' 
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7.3 

9.3 

9,5 

24.5 

25.8 

27.5 

40.8 
42,2 

42.6 
44,1 
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space 


0,35 

0,35 

0,38 

0,43 

0,532 

0,500 

0,535 

0,545 

0,570 

0,560 

0.565 







stream- ' 



1 15 i),l 1 2,28 0,068 1 streamline 

2 150, 11 33,5 1 1 turbulent 

3 500 0,2 2,544 3,46 0,068 1 streamline 

4 500 0,2 2,544 3,46 0,0004 180 » 

(0,000378) 

5 500 0,2 2,544 50,9 1' 1 turbulent 

6 500 0,2 2,544 50,9 0,0055 180 streamline 

7 500 0,2 2,544 18301 360 1 turbulent 

8 500 0,2 2,544 18304 2 180 » 


14,03- 10~* 0,054 
0,019 35,2 

1,09-10-' 0,07 
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FIG. 1. DEPENDENCE OF THE MODIFIED FRICTION 
FACTOR fO UPON THE MODIFIED REYNOLDS ITUMBKR 
Re* BY THE FORMULA OF CHILTON AND COLBURN. 

1 - streamline flow; 2 - turbulent flow 
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FIG. 2. DEPENDENCE OF THE COEFFICIENT OF THE EFFECT 
OF THE WALLS o UPON THE RATIO OF THE AVERAGE DI- 
AMETER OF THE PARTICLES TO THE DIAMETER OF THE TUBE 
Wbe BY ™ E FORMULA OF CHILTON AND COLBURN. 

1 - for streamline flow; 2 - for turbulent flow 
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FIG. 3. DEPENDENCE OF THE FREE VOLUME OF THE 
CATALYST BED UPON THE AVERAGE DIAMETER OF 
THE PARTICLES. 

TABUS 2. INTERDEPENDENCE BETWEEN UBS FREE SPACE OP THE PACKING AND THE AVERAGE 
DIAMETER OF THE GR AIN 


streamline 


av. diameter of the particles, m. 


FIG. 4. DEPENDENCE OF THE HYDRAULIC RESISTANCE IN THE 
CATAI.YST BED 41 p UPON THE AVERAGE DIAMETER OF. THE * 
CATAIY3T GRAINS, For turbulent flow: 1 - according to 
Chilton and Colburn; 2 - according to Zhavoronkov. 

For streamline flow: 3 - according to Zhavoronkov; 4 - 
according to Chilton and Colburn, 


Type of packing 
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‘Aluminosilicate 

catalyst 


Cylinders 

Cylindrical 

tablets 
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1946. 421 ff. 
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version of CO 

Tablets 

Vanadium catalyst 

ii 

Coke 
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Glass granules 

Pear-shaped 

Coke 

ii 
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n 

Gravel 

Spherical 

Coke 

Irregular 

Andesite 

n 


Dimensions of the 
grains, mm. 


5X5X8 

9X9X4 

11X11X6 

11X11X6,5 

29.6 X 25,8 X 18 
20 X 20 X 37,5 

35.6 X 28,8 X 18 
47,6X41,5X33,4 

56,8 X 40,8 X 29 
52 X 40,3 X 35,5 
56X43,7X32,6 


Av. diam- 
eter of 

the grain, Free 
mm, smce 
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1 

2,28 

0,068 

1 

streamline 
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53,2 
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15 

0,1 

1 

33,5 

1 

1 

turbulent 

0,019 

35,2 

219,2 

3 

500 

0,2 

2,544 

3,46 

0,068 

1 

streamline 

1,09- 10~ s 

0,07 

67,6 
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0,2 

2,544 

3,46 

0,0004 

(0,000378) 

180 

» 

6,07.10“8 

0,07 
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67,6 

5 
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0,2 

2,544 

£0,9 

1 

1 

turbulent 

0,013 

7,93 

492,8 . 

6 

500 

0,2 

2,544 

50,9 

0,0055 
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streamline 

0,004 

0,01 
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0,2 

2,544 
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1 

turbulent 

446,4 

3,09.10 s 
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0,2 

2,544 

18304 

2 

180 
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' F IG. 1. DEPENDENCE OF THE MODIFIED FRICTION 
FACTOR fO UPON THE MODIFIED REYNOIDS NUMBER 
Re> BY THE FORMULA OF CHILTON AMD COIBURN. 

1 - streamline flow; 2 - turbulent flow 


FIG. 2. DEPENDENCE OF THE COEFFICIENT OF THE EFFECT 
OF THE WALLS c UPON THE RATIO OF THE AVERAGE DI- 
AMETER OF THE PARTICLES TO THE DIAMETER OF THE TUBE 
V^tiibe BY ™ E FOm ’ IUU 0F CHILTON AND COLBURN, 

1 - for streamline flow; 2 - for turbulent flow 
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FIG. 3. DEPENDENCE OF THE FREE VOLUME OF THE 
CATALYST BED UPON THE AVERAGE DIAMETER OF 
THE PARTICLES. 

INTERDSPEtromCE BETWEEN UDS FREE SPACE OF THE PACKING AND THE AVERAGE 
DIAMETER OF THE GR AIN 


No. Type of packing 


Shape 


Dimensions of the 
grains, mm. 


diameter of the particles, m. 

FIG. 4. DEPENDENCE OF THE HYDRAULIC RESISTANCE IN THE 
CATALYST BED A- p UPON THE AVERAGE DIAMETER OF THE ‘ 
CATALYST GRAINS. For turbulent flow: 1 - according to 
Chilton and Colburn; 2 - according to Zhavoronkov. 

For streamline flow: 3 - according to Zhavoronkov; 4 - 
according to Chilton and Colburn, 


Izv. (tekh.) 
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3 

4 

5 
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9 
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version of CO 
Vanadium catalyst 
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Gravel 
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Andesite 
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n 
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5X5X8 

9X9X4 
11X 11 X6 

n X 11 X 6,5 

29.6 X 25,8X 18 
20X20X37,5 

35.6 X 28,8 X 18 
47,6X41,5X33,4 
56,8X40,8X29 
52 X 40,3 X 35,5 
56X43,7X32 6 


Av, diam- 
eter of 
the grain, 
mm. 

Free 

space 

6,0 

0,35 

7.3 

9.3 

0,35 

0,38 

9,5 

0,43 

24,5 

25,8 

0,532 

0,500 

27.5 
40,8 
42,2 

42.6 
44,1 

0,535 

0,545 

0,570 

0,560 

0,565 
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FIG. 1. DEPENDENCE OF THE MODIFIED FRICTION 
FACTOR f0 UPON THE MODIFIED REYNOLDS NUMBER 
Re* BY THE FORMULA OF CHILTON AND COIBURN. 

1 - streamline flow; 2 - turbulent flow 
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FIG, 2. DEPENDENCE OF THE COEFFICIENT OF THE EFFECT 
OF THE WALLS c UPON THE RATIO OF THE AVERAGE DI- 
AMETER OF THE PARTICLES TO THE DIAMETER OF THE TUBE 
Dr/ D tube BY THE FORMULA OF CHILTON AND COLBURN. 
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' av, diameter of the particle 

FIG. 3. DEPENDENCE OF THE FREE VOLUME OF THE 
CATALYST BED UPON THE AVERAGE DIAMETER OF 
THE PARTICLES. 

TABLE 2. INTERDEPENDENCE BETWEEN THE FREE SPACE OF THE PACKING AND THE AVERAGE 


atm woso " mm 

av, diameter of the particles, m. 

FIG. 4. DEPENDENCE OF THE HYDRAULIC RESISTANCE IN THE 
CATALYST BED A- p UPON THE AVERAGE DIAMETER OF THE 
CATALYST GRAINS. For turbulent flow: 1 - according to 
Chilton and Colburn; 2 - according to Zhavoronkov. 

For streamline flow: 3 - according to Zhavoronkov; 4 - 
according to Chilton and Colburn, 


Izv. (tekh.) 
1946 . .421 ff . 


No. 

Type of packing 

luamm’JiK ue the ghi. 

Shape 

M 

Dimensions of the 
grains, mm. 

Av. diam- 
eter of 
the grain 3 
mm. 

Free 

space 

1* 

Glass rods 

Cylinders 
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5X5X8 

6,0 

0,35 

2* 

■Aluminosilicate 

Cylindrical 





catalyst 

tablets 

9X9X4 

7,3 

0,35 

3 

Catalyst for con- 

Tablets 

11X11X6 

9,3 

0,38 


version of CO 





4 

Vanadium catalyst 

ri 

UXH X 6,5 

9,5 

0,43 

5 

Coke 

Irregular 

29,6 X 25,8 X 18 

24,5 

0,532 

6* 

Glass granules 

Pear-shaped 

20X20X37,5 

25,8 

0,500 

7 

Coke 

Irregular 

n 

35,6 X 28,8 X 18 

27,5 

0,535 

8 



47,6 X 41,5 X 33,4 

40,8 

0,545 

9 

10 

Gravel 

Coke 

Spherical 

Irregular 

56,8X40,8X29 

52 X 40,3 X 35,5 

42,2 

42,6 

0,570 

0,560 

11 

Andesite 

ft 

56X43,7X32,6 

44,1 

0.565 
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FIG. 1. DEPENDENCE OP THE MODIFIED FRICTION 
FACTOR fO UPON THE MODIFIED REYNOIDS NUMBER 
Re* BY THE FORMULA OF CHILTON AND COIBURN. 

1 - streamline flow; 2 - turbulent flow 
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FIG. 2. DEPENDENCE OF THE COEFFICIENT OF THE EFFECT 
OF THE WALLS c UPON THE RATIO OF THE AVERAGE DI- 
AMETER OF THE PARTICLES TO THE DIAMETER OF THE TUBE 
V\ibe BY 71112 F0RMUU 0F CHILTON AND COLBURN. 

1 - for streamline flow; 2 - for turbulent flow 
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FIG. 3. DEPENDENCE OF THE FREE VOLUME OF THE 
CATALYST BED UPON THE AVERAGE DIAMETER OF 
THE PARTICLES . 


TABLE 2. INTERDEP3ID0ICE BETWEEN THE FREE SPACE OF THE PACKING AND THE AVERAGE 
DIAMETER OF THE GR AIN 
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Type of packing 



Dimensions of the 
grains, mm. 


Av. diam- 
eter of 
the grain j 
mm. 


av. diameter of the particles, m. 

FIG. 4- DEPENDENCE OF THE HYDRAULIC RESISTANCE IN THE 
CATALYST BED A p UPON THE AVERAGE DIAMETER OF THE ' 
CATALYST GRAINS. For turbulent flow: 1 - according to 
Chilton and Colburn; 2 - according to Zhavoronkov. 

For streamline flow: 3 - according to Zhavoronkov; 4 - 
according to Chilton and Colburn. 
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11X11 X 6,5 

29.6 X 25,8 X 18 
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85.6 X 28,8X 18 

47.6 X 41,5 X 33,4 
56,8X40,8X29 
52 X 40,3 X 35,5 
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42,2 

42.6 
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SABLE 1. HYDRAULIC RESISTANCE CF CATALYTIC TOWERS WITHOUT THE CATALYST AND WITH IT 


3G0 




Dimensions 
of the tube 


r* 


Rate of flow 
of the air 


"S' d 


ill 


U 

-5 , 


^p, pressure drop 


In the empty 
column 


* 

o 

S O rH " 


15 

15 
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500 

500 

500 

500 

500 


0,1 

0,1 

0,2 

0,2 

0,2 

0,2 

0,2 

0,2 


l 

1 

2,544 

2,544 

2,544 

2,544 

2,544 


2,28 

33,5 

3,46 

3,46 

£0,9 

50,9 

18304 


0,068 

1 

0,068 

0,0004 

(0,000378)1 

V 
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1 

1 

1 
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1 
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streamline 

turbulent 
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streamline 
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FIG. 1. DEPENDENCE OF THE MODIFIED FRICTION 
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D Ah ^ BY THE FORMULA OF CHILTON AND COLBURN. 

V tube 

1 - for streamline flow,* 2 - for turbulent flow 


I 

I 





o o 


o 

Q 





/ 





;/ 

o Zhavoronkov* s data 
• experimental data 


7 j 





/ " 






av. diameter of the particle 

FIG. 3. DEPENDENCE OF THE FREE VOLUME OF THE 
CATALYST BED UPON THE AVERAGE DIAMETER OF 
THE PARTICLES. 

TABLE 2. INTERDEPENDENCE BETWEEN THE FREE SPACE OF THE PACKING AND THE AVERAGE 


~oms 0.0050 1ms Tow Tm 
av. diameter of the particles, m. 

FIG. 4. DEPENDENCE OF THE HYDRAULIC RESISTANCE IN THE 
CATALYST BED £> p UPON THE AVERAGE DIAMETER OF. THE 
CATALYST GRAINS. For turbulent flow: 1 - according to 
Chilton and Colburn } 2 - according to Zhavoronkov. 

For streamline flow: 3 - according to Zhavoronkov; 4 - 
according to Ghilton and Colburn. 


Izv. (tekh.) 
1946 . .421 ff . 


No. 

Type of packing 

Shape 

Dimensions of the 
grains, mm. 

Av. diam- 
eter of 
the grain, 
mm. 

Free 

space 

1* 

Glass rods 

Cylinders 







5X5X8 

6,0 

0,35 

2 * 

'Aluminosilicate 

Cylindrical 





catalyst 

tablets 

9X9X4 

7,3 

0,35 

3 

Catalyst for con- 

Tablets 

11X11X6 

9,3 

0,38 


version of CO 





4 

Vanadium catalyst 

« 

UXHX6.5 

9,5 

0,43 

5 

Coke 

Irregular 

29,6 X 25,8X 18 

24,5 

0,532 

6* 

Glass granules 

Pear-shaped 

20 X 20 X 37,5 

25,8 

0,500 

7 

Coke 

Irregular 

35,6X28,8X 18 

27,5 

0,535 

8 

tl 


*7,6X41,5X33,4 

40,8 

0,545 

9 

Gravel 

Spherical 

56,8X40,8X29 

42,2 

0,570 

10 

Coke 

Irregular 

52X40,3X35,5 

42,6 

0,560 

11 

Andesite 

tt 

56X43,7X32,6 

44,1 

0,565 


* Catalyst tested in this work 
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FIG. 1. DEPENDENCE OF THE MODIFIED FRICTION 
FACTOR fO UPON THE MODIFIED REYNOLDS NUMBER 
He* BY THE FORMULA OF CHILTON AND COLBURN. 
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CATALYST BED UPON THE AVERAGE DIAt-lETER OF 
THE PARTICLES. 


djtehdeeehdence betoot m: pres space qf the packing and' the average 

MT AUTPTT™ n-n* mTrr> nr* a - r»r 


No, 


Type of packing 



Dimensions of the 
grains, mm. 


av, diameter of the particles, m. 

FIG. 4. DEPENDENCE OF THE HYDRAULIC RESISTANCE IN THE 
CATALYST BED p UPON THE AVERAGE DIAMETER OF THE ' 
CATALYST GRAINS. For turbulent flow: 1 - according to 
Chilton and Colburn; 2 - according to Zhavoronkov. 

For streamline flow: 3 - according to Zhavoronkov: 4 - 
according to Chilton and Colburn. 
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Irregular 
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Spherical 

Irregular 
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9X9X4 
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29,6X25,8X 18 
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35 6 X 28,8X 18 
47,6X41,5X33,4 
56,8X40,8X29 
52 X 40,3 X 35,5 
56X43,7X32,6 


Av. diam- 
eter of 
the grain, 
mm. 
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7.3 
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9,5 

24.5 

25.8 

27.5 
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42,2 

42.6 
44,1 
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space 
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0,560 
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1 - for streamline flow; 2 - for turbulent flow 


IIIIs 

rH p H 


o Zhavoronkov^ data 


• experimental data 


streamline 


turbulent 


av. diameter of the particle 

FIG. 3* DEPENDENCE OF THE FREE VOLUME OF THE 
CATALYST BED UPON THE AVERAGE DIAMETER OF 
THE PARTICLES. 

TABLE 2. njTERDSEEHDHICE BETWEEN TOE FREE SPACE OF THE PACKING AND THE AVERAGE 
— DIAMETER OF THE D RAIN 


Type of packing 


Dimensions of the 
grains, mm. 


Av. diam- 
eter of 

the grain, Free 
mm. soace 


av. diameter of the particles, m. 

FIG. 4. DEPENDENCE OF THE HYDRAULIC RESISTANCE IN THE 
CATALYST BED p UPON THE AVERAGE DIAMETER OF THE ~ 
CATALYST GRAINS . For turbulent flow: 1 - according to 
Chilton and Colburn; 2 - according to Zhavoronkov 
For streamline flow: 3 - according to Zhavoronkov; 4 - 
according to Chilton and Colburn. 


Izv. (tekh.) 
1946 . ,421 ff . 


1 .Glass rods 

2* 'Aluminosilicate 
catalyst 

3 Catalyst for con- 

version of CO 

4 Vanadium catalyst 

5 Coke 

Glass granules 


Gravel 

Coke 

Andesite 


Cylinders 

Cylindrical 

tablets 


Irregular 

Pear- shaped 

Irregular 

n 

Spherical 

Irregular 


5X5X8 

9X9X4 

HX1IX6 

11X11 X 6,5 

29.6 X 25,8X 18 
20 X 20 X 37,5 

35.6 X 28,8X 18 
47,6X41,5X33,4 

56,8X40,8X29 
52 X 40,3 X 35,5 
56 X 43,7 X 32,6 


7.3 0,35 

9.3 0,38 

9,5 0,43 
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DEPJMDEfTCE OF THE HYDRAULIC RESISTANCE IN THE 
YST BED ^ P AVERAGE DIAMETER OF THE ‘ 

CATALYST GRAINS. For turbulent flow." 1 - according to 
Chilton and Colburn; 2 - according to Zhavoronkov. 

! !L2r ia ”'+ ln ov, f if U ! 3 " aocordin S Zhavoronkov; 4 - 

according to Chilton and Colburn. 


Izv. (tekh.) 
1246, .421 ff . 


' av, diameter of the particle 

iagwjss'.ssv- 


Type of packing 


i , Glass rods 

2* -Aluminosilicate 
catalyst 

3 Catalyst for con- 

version of CO 

4 Vanadium catalyst 

5 Coke 

6* Glass granules 

7 Coke 

8 * 

9 Gravel 

10 Coke 

1 1 Andesite 


Cylinders 

Cylindrical 

tablets 


Irregular 

Pear-shaped 

Irregular 

n 

Spherical 

Irregular 


Dimensions of the 
grains, mm. 


5X5X8 

9X9X4 

11X11X6 

11 X 11 X 6,5 

29,6 X 25,8 X 18 
20 X 20 X 37,5 

35 6 X 28,8X18 
47,6X41,5X33,4 
56,8X40,8X29 
52 X 40,3 X 35,5 
56X43, 7X3216 


Av. diam- 
eter of 

the grain, Free 
mm, snace 
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FIG. 3. DEPENDENCE OF THE FREE VOLUME OF THF 
CATALYST BED UPON THE AVERAGE^ OF 
THE PARTICLES. U1 
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grains, mm. 
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| the grain, 
mm. 


~OM?S moo W2S 

av. diameter of the particles, m. 

FIG. 4. DEPENDENCE OF THE HYDRAULIC RESISTANCE IN THF 
“TAI.YST BED Ap UPON THE AVERAGE DIAffiTER OF TIE 
CATALYST GRAINS. For turbulent flows 1 - according to 
Chilton and Colburn; 2 - according to Zhavoronkov 8 
For streamline flow: 3 - according to Zhavoronkov- L - 
according to Chilton and Colburn. ’ 
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